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ABSTRACT
The Hyades constitute a homogeneous sample of stars ideal for investigating the dependence of planet
formation on the mass of the central star. Due to their youth, Hyades members are much more chro-
mospherically active than stars traditionally surveyed for planets using high precision radial velocity
techniques. Therefore, we have conducted a detailed investigation of whether magnetic activity of our
Hyades target stars will interfere with our ability to make precise radial velocity (vrad) searches for
substellar companions. We measure chromospheric activity (which we take as a proxy for magnetic
activity) by computing the equivalent of the R′HK activity index (which is corrected for photospheric
contributions), from the Ca ii K line. 〈R′HK〉 is not constant in the Hyades: we confirm that it decreases
with increasing temperature in the F stars, and also find it decreases for stars cooler than mid-K. We
examine correlations between simultaneously measured R′HK and radial velocities using both a classical
statistical test and a Bayesian odds ratio test. We find that there is a significant correlation between
R′HK and the radial velocity in only 5 of the 82 stars in this sample. Thus, simple R
′
HK – vrad correlations
will generally not be effective in correcting the measured vrad values for the effects of magnetic activity
in the Hyades. We argue that this implies long timescale activity variations (of order a few years; i.e.,
magnetic cycles or growth and decay of plage regions) will not significantly hinder our search for planets
in the Hyades if the stars are closely monitored for chromospheric activity. The trends in the radial
velocity scatter (σ′v) with 〈R′HK〉, v sin i, and Prot for our stars is generally consistent with those found
in field stars in the Lick planet search data, with the notable exception of a shallower dependence of σ′v
on 〈R′HK〉 for F stars.
Subject headings: clusters: open (Hyades) — stars: planetary systems — techniques: radial velocities
— stars: chromospheres — stars: activity
1. introduction
The high-precision radial velocity (vrad) technique (e.g.,
Butler et al. (1996)) has been remarkably successful in
discovering planetary-mass companions to nearby main-
sequence stars. Studying these systems enables us to begin
to place important new constraints on the planet forma-
tion process. So far, high precision radial velocity surveys
have primarily targeted the brightest, and hence the near-
est chromospherically inactive, slowly-rotating solar-type
stars. Thus, while the targets cover a wide range of ages,
compositions, and perhaps histories, they are dominated
by old, higher mass stars.
A more complete understanding of the planet formation
process hinges upon determining which stellar properties
influence planetary system formation and dynamics. This
can be accomplished with a well controlled and homoge-
neous sample of target stars. By varying only one stel-
lar parameter at a time, we may begin to understand the
properties and processes which govern planet formation.
We have been searching for planets in the Hyades clus-
ter since 1996 (Cochran et al. (2001), hereafter Paper I).
The Hyades cluster provides a uniform sample of stars in
age and initial metallicity. Stellar mass is the main inde-
pendent variable among the members. Thus, if planetary
systems are found, we will easily be able to study the role
stellar mass plays in the planet formation process.
In order to detect planetary systems, the vrad signa-
ture must be unambiguous, and we must be certain it
is due to an orbiting body and not intrinsic to the star.
Several groups have explored the implications of intrinsic
stellar properties, in particular stellar pulsations (Gray &
1 Data presented herein were obtained at the W.M. Keck Observatory, which is operated as a scientific partnership among the California
Institute of Technology, the University of California and the National Aeronautics and Space Administration. The Observatory was made
possible by the generous financial support of the W.M. Keck Foundation.
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2Hatzes 1997), rotational velocity, and chromospheric activ-
ity (Saar & Donahue 1997; Saar et al. 1998; Santos et al.
2000a) on radial velocity measurements. Stellar non-radial
(as well as radial) pulsation can easily give observable ra-
dial velocity variation, but may be distinguished from or-
bital motion by their resulting variations in stellar line
bisectors (Gray & Hatzes 1997; Hatzes et al. 1997; Hatzes
et al. 1998a,b; Brown et al. 1998b,a). The rotational mod-
ulation and evolution of velocity structures or non-uniform
active regions can cause similar vrad signatures to orbiting
planets. Walker et al. (1992) showed that in the case of γ
Cep, the vrad measurements suggestive of a planet were in-
stead likely due to rotation of active regions seen in equiv-
alent widths of the Ca ii 8662 A˚ line. Walker et al. (1995)
detected a correlation between vrad and long-term Ca ii
emission variations in κ1 Ceti probably due to its mag-
netic cycle. Queloz et al. (2001) showed that the apparent
radial velocity signal in HD 166435, which was originally
interpreted as due to a planetary companion is actually
correlated with photospheric line profile variations and is
best explained by the presence of dark photospheric spots.
Dravins & Nordlund (1990) discussed the possibility of
apparent false Doppler shifts over the course of a stellar
activity cycle, though, McMillan et al. (1993) has shown
that solar cycle magnetic variations are undetectable in
disk integrated spectra of the sun. Saar and collaborators
(Saar et al. 2002; Pearson et al. 2000; Saar & Fischer 2000;
Saar & Snyder 1999) are working on methods for correct-
ing stellar radial velocities to compensate for the stellar
activity, but these techniques are still under development.
Because of worries about such activity-related vrad noise,
past planet surveys have been biased against young, active
stars (Vogt et al. 2002; Henry et al. 1997; Saar & Donahue
1997). Consequently, out of 76 planets discovered as of
December 2001, only four have been found around young,
active stars: ǫ Eridani (Hatzes et al. 2000), ι Horologii
(Ku¨rster et al. 2000), HD 192263 (Santos et al. 2000a),
and GJ 3021 (Naef et al. 2001).
Because the Hyades cluster is so young (625 ± 50 Myr;
Perryman et al. (1998)), the stars can be quite active.
Thus, we must determine if this activity is a major con-
tributor to the observed vrad variances. In this paper, we
explore the connection between activity variations and ra-
dial velocity measurements in Hyades stars by looking for
correlations between the Ca ii K emission and the vrad
(measured in the same spectra). This will help us un-
derstand to what degree this phenomenon masks or com-
plicates detection of the low velocity signal induced by
planetary mass companions.
2. observations and analysis
We are conducting a radial velocity survey of Hyades
dwarfs using the Keck HIRES spectrograph to search for
Jupiter and Saturn-mass companions (see Paper I). By us-
ing a 10m class telescope, we are able to study even low
mass Hyads (down toM ≈ 0.4M⊙). So far, this survey has
produced a number of stars showing rms velocity variation
significantly larger than the internal velocity uncertainty
(σi, which includes instrumental noise, photon noise, and
increased noise due to observational effects such as reduced
line density and depth in F stars and increased line width
in stars with higher v sin i). Unfortunately, the scheduling
of our observing time on Keck has made it impossible to
sample short periods without significant aliasing. We be-
gan observations of short period candidates with the High
Resolution Spectrograph on the Hobby-Eberly Telescope
in the fall of 2001.
2.1. Sample
Our total sample consists of 98 Hyades dwarfs ranging
from F5 to M2. All of the targets are confirmed mem-
bers according to Perryman et al. (1998), and all known
spectroscopic binaries have been removed. We imposed a
stellar rotational velocity limit of v sin i ≤ 15 km s−1. For
the chromospheric activity study presented here, we ne-
glect all stars with fewer than six observations, reducing
the sample to 82 stars.
2.2. vrad measurements
The observations at Keck I make use of the HIRES (Vogt
et al. 1994) with I2 gas absorption cell as a standard ve-
locity reference (Valenti et al. 1995) as detailed in Paper
I. S/N∼300 is required in this configuration (at resolution
R ≃ 60,000) to obtain vrad precision (in the best cases) of
∼3 m s−1 (see Paper I); S/N∼100 yields precision of ∼5-6
m s−1. In addition, the exposure times must be kept to
≤15 minutes. We use standard IRAF packages to reduce
the CCD images and extract the observed spectra.
It is useful to explore how the rotational broadening in
the spectra affects the internal vrad errors (σi). Since we
have preselected stars with v sin i ≤ 15 km s−1, we only
have a small range of v sin i to study. In Figure 1, we
show the relationship between v sin i (taken from the lit-
erature as referenced in Table 1) and the mean internal
errors (〈σi〉) we achieve. Stars with only v sin i upper lim-
its have not been included in the analysis. Error bars on
〈σi〉 indicate the rms about the mean. We note that even
with this limited set of data, we see the trend that one
would expect; that increasing v sin i degrades our velocity
precision, due to the lowered precision in determining the
center of broader lines. In order to estimate how large our
errors are at v sin i=15 km s−1, we fit a linear relation to
the data. We find
〈σi〉 = 1.050 + 0.555 ∗ v sin i m s−1. (1)
Therefore, at the cutoff of 15 km s−1, we can still achieve
vrad precision of ∼ 10 m s−1. We would like to point out
that these are our mean internal errors of all of our spec-
tra of a given star. If instead we had chosen the highest
S/N spectrum, we would have derived σi = 6.5 m s
−1 at
v sin i = 15 km s−1. For v sin i . 3 km s−1, other sources
of line broadening become important (e.g., macroturbu-
lence), and 〈σi〉 is no longer dominated by v sin i.
2.3. Calibration of Chromospheric Activity
Most stellar chromospheric activity is attributed to the
interaction of magnetic fields with convection (Middelkoop
& Zwaan 1981; Tinbergen & Zwaan 1981; Middelkoop
1982). However, the effect of magnetic processes on the
integrated radial velocity of a star at the few m s−1 level
is only beginning to be explored. To date, stars which are
chromospherically active and show no obvious trend in the
velocity signal over a given timescale are either observed
less frequently or removed from planet surveys (Vogt et al.
32002; Cumming et al. 1999; Saar & Donahue 1997). This is
because these stars tend to show somewhat higher levels of
radial velocity scatter, attributed to the magnetic activity,
and this will possibly inhibit detection of low-amplitude
velocity signals.
The question arises as to whether stellar activity in
Hyades stars induce significant periodic centroid shifts in
photospheric absorption lines, and thus vrad signals which
could be confused for perturbations made by planetary
companions. The members of the Hyades cluster are chro-
mospherically active, and quite young. Because activity
might be a significant source of radial velocity variation
(Saar & Donahue 1997; Saar et al. 1998; Saar & Fischer
2000), we include the Ca ii H & K lines in the spectral
region of each exposure for velocity measurement with the
Keck HIRES. We have monitored the chromospheric ac-
tivity of our target stars, acquiring Ca ii K emission core
flux measurements simultaneously with each velocity mea-
surement.
To measure stellar chromospheric activity, the Mt. Wil-
son S index is adopted. This index is defined (e.g. Bali-
unas et al. (1995)) as a quantity proportional to the sum
of the flux in 1A˚ FWHM triangular bandpasses centered
on the Ca ii H and K lines divided by the sum of the flux
in 20A˚ bandpasses in the continuum at 3901 and 4001A˚
(Soderblom et al. 1991; Baliunas et al. 1995).
At Keck 1, we set HIRES so that the Ca ii H and K lines
are contained within the spectra for all stars observed. The
four quantities to be measured (the two calcium line core
fluxes plus the two continuum bandpass fluxes) are spread
across three echelle spectral orders which overlap by a few
A˚. As a result of flat fielding uncertainties in the most
blueward order, we do not use measurements in this or-
der, i.e. of the blue (3901A˚) continuum. In addition, we
do not measure the Ca ii H line (at 3968.47A˚) because
for some stars, the wings of strong Balmer Hǫ features (at
3970.07A˚) lay within the measured bandpass. This would
affect measurement of the Ca ii H line flux as the absorp-
tion can be strong enough so as to artificially decrease the
Ca ii H flux, and strong Hǫ emission (seen in a few of the
M dwarfs) will artificially increase the measured Ca ii H
line flux. Therefore, we have defined an index SKeck which
is the ratio of the flux in a 1A˚ triangular bandpass centered
on the Ca ii K line to the flux in a 20A˚ bandpass centered
on the redward continuum at 4001 A˚. Figure 2 shows the
numerical filter we used in measuring the Ca ii K flux.
Several of our Hyades program stars have previously been
measured as part of the Mt. Wilson program (Duncan
et al. 1984). In Figure 3, we show the relationship be-
tween our SKeck and SDuncan (the published mean S data
for stars measured by Duncan et al. (1984) including error
bars which characterize the rms of the measured S index
over the course of observations (including variability). We
find the linear relation
SDuncan = −0.027(±0.046)+ 0.991(±0.120)SKeck (2)
Both the slope and the intercept of the formal fit are within
1 σ of SKeck = SDuncan. We are thus able to transform
our data into a standard Mt. Wilson S index scale using
Equation 2. We call our transformed values SMW.
In addition, we further transform our chromospheric S
index to R′HK = F
′
HK/Fbol, where F
′
HK is the Ca ii HK
surface flux, corrected for flux contributions from the pho-
tosphere, and Fbol is the bolometric flux (Noyes et al. 1984;
Middelkoop 1982). Thus, R′HK is the normalized, purely
chromospheric component of the HK flux and is also useful
as a means to compare stars of different spectral types. To
convert from SMW to R
′
HK, we used the method outlined
in Noyes et al. (1984), with B−V color index of each star
obtained from Allende Prieto & Lambert (1999), and no
reddening corrections were used.
3. results
3.1. Chromospheric activity
Figure 4 shows the variation of 〈R′HK〉 with B − V for
our sample of Hyades dwarfs. This demonstrates that ac-
tivity as measured by 〈R′HK〉 is not constant with B−V in
Hyades stars: 〈R′HK〉 values decrease from a plateau with〈logR′HK〉 ≈ −4.42 for B − V <0.7 and for B − V >1.1.
Noyes et al. (1984) notes that the values of R′HK for
B − V >1.0 may be uncertain by as much as 20%. How-
ever, the downward trend of B − V below 0.7 has not
yet been addressed to our knowledge. A few outliers with
B−V <0.7 (see Fig. 4) were determined not to be Hyades
members by D. Latham (private communication) based
on too large Hipparcos distances, photometry below main
sequence and velocities which disagree with members, in
contrast to Perryman et al. (1998) who found these same
stars to be members. The decline for B−V <0.7 confirms
the trend observed by Duncan et al. (1984) and Soderblom
(1985) and seen in the data collected by Rutten (1987).
HK data for the younger Pleiades cluster (age ∼ 0.1 Gyr)
shows more scatter (Rutten 1987), but a similar, though
weaker, decline for B − V <0.7. This suggests that the
decline in activity for B − V <0.7 is real (as opposed to
a problem in R′HK(B − V ) calibration); a color-dependent
calibration error should not evolve significantly between
the ages of the Pleiades and Hyades. Thus, although we
must be cautious about stars with B−V >1.0, we confirm
that at fixed age, there is a broad maximum in chromo-
spheric emission for 0.7≤ B − V ≤ 1.0 (≈G5 to K3), with
decreases for both hotter and (tentatively) for cooler stars.
3.2. Intrinsic vrad Jitter
3.2.1. Comparison of Observed vrad Jitter with Empirical
Relations
Saar et al. (1998) (hereafter SBM) used the observed
radial velocity dispersion (σv) in the Lick planet search
data to compute the vrad dispersion above the internal
errors, σ′v = (σ
2
v − σ2i )0.5. They then searched for cor-
relations between σ′v and 〈R′HK〉, rotational period (Prot),
and projected rotational velocity (v sin i). They also devel-
oped a simple model based on rotating/evolving starspots
and plage to predict σ′v. The Hyades dwarfs studied here
are significantly more active on average than those stars
studied in SBM, making it useful to investigate whether
Hyad σ′v behave similarly. We calculated σ
′
v in the same
manner as SBM, removing internal noise from each mea-
surement. Due to the selection of stars with v sin i ≤15
km s−1 (Paper I), we have also selected for stars with low
radial velocity jitter as shown in the model developed in
SBM. We have also ignored stars with very large (≫ 100
m s−1) systematic velocity trends. F stars in our sample
(ignoring one outlier) have σ′v ranging from ∼8 to 38 m
4s−1 with an average value of 〈σ′v〉 = 14.8 ± 8.4 m s−1, G
stars range from ∼5 to 40 m s−1 (〈σ′v〉 = 18.9±9.0 m s−1),
K stars (ignoring one outlier) range from ∼3 to 45 m s−1
(〈σ′v〉 = 14.2± 13.6 m s−1 , and M stars from ∼4 to 20 m
s−1 (〈σ′v〉 = 12.7± 7.6 m s−1).
A comparison of the observed σ′v and the values pre-
dicted by empirical relationships found in the Lick vrad
database (σ
′(pred)
v ; see SBM) are shown in Fig. 5 (first
three panels) and summarized in Table 2. For the rotation-
related quantities, Prot and v sin i, agreement is generally
quite good, with the scatter σ about the line σ′v = σ
′(pred)
v
at or below the values found for the empirical SBM fits.
(We have considered only stars with measured Prot.) Stars
with only upper limits to v sin i are also all in agreement
with predictions.
Only relatively few Hyades stars have measurements
of Prot and v sin i needed to compare σ
′
v with the pre-
dictions of σ
′(pred)
v based on these parameters using the
SBM results. With 〈R′HK〉 though, all the Hyades sam-
ple can be used except M stars (which were not stud-
ied in SBM). If σ
′(pred)
v is predicted using R′HK and the
combined Lick G and K star sample, the scatter σrms of
Hyades G and K stars’ σ′v about this σ
′(pred)
v (R′HK(G+K))
is slightly higher than for the Lick stars. This is true even
if one Hyades outlier (a K star) is removed (σrms(Hyades)
= 0.28 dex compared with σrms(Lick) = 0.25). To ex-
plore this result further, we compared σ′v for the Hyad
G and K stars separately with σ
′(pred)
v (R′HK(G+K)), and
also with σ
′(pred)
v based on separate empirical fits to the
Lick G and K stars (not published in SBM). These tests
indicate that σrms(Hyades) is smaller than σrms(Lick)
for the G stars (≈0.22 dex), whether σ′v is compared
to σ
′(pred)
v (R′HK(G+K)) or σ
′(pred)
v (R′HK(G)). The scat-
ter is notably worse for K stars, though improved some-
what with the separate K star empirical fit: σrms ≈0.32
dex using σ
′(pred)
v (R′HK(G+K)), σrms ≈0.28 dex using
σ
′(pred)
v (R′HK(K)), with one outlier removed in each case.
Thus, since F, G, and K stars are best fit when treated
separately, the Hyades σ′v data suggest a systematic spec-
tral type dependence in the relationship between σ′v and
R′HK.
The Hyades F stars (excluding one outlier) show a sys-
tematic trend relative to the σ′v = σ
′(pred)
v line which sug-
gests the empirical relation (σ′v(F)∝ 〈R′HK〉1.7; SBM) may
be too steep. Indeed, the scatter is lower and the trend
largely removed if the relations for G or G+K stars are
used instead (σrms = 0.21 dex or 0.28 dex, respectively,
compared with σrms = 0.38 dex using the F star fit). The
v sin i ≤ 15 km s−1 limit of our sample, though, may be a
factor; while this limit has little effect on G and K Hyades
stars, it definitely excludes some high v sin i (and hence
high R′HK) F stars. The Lick analysis was performed with-
out any v sin i restrictions, and includes two F stars with
v sin i ≥ 15 km s−1. Restrictions on v sin i will tend to
limit σ′v for a fixed R
′
HK, since the higher v sin i is an im-
portant component for enhanced vrad noise (Saar & Don-
ahue 1997).
The two “outlier” stars noted above (one F and one
K type) show σ′v values significantly enhanced (by >
2σrms(Lick)) over that predicted by σ
′(pred)
v (R′HK). Hence,
these stars have large additional vrad variations not asso-
ciated with activity, and are particularly good candidates
for further and more frequent observations in search of low
mass companions.
3.2.2. Comparison of Observed vrad Jitter with a Simple
Model
We have also compared Hyades σ′v values with the com-
bined spot/plage σ′v model outlined in SBM. This model
combines the rotating spot model from Saar & Donahue
(1997) with a (very) simple plage model which assumes
that convective velocity changes due to plage magnetic
fields are ∝ vmac, the macroturbulent velocity. The full
model is given by
σ
′(mod)
v
≈
√
[4.6f0.9
S
(v sin i) cos〈θ〉]2 + [αA(fP )(vmac + v sin i)]2[ms
−1].
(3)
Here, fS is the differential spot filling factor (the portion
of the total spot filling factor responsible for photometric
variations). Also, 〈θ〉 is the mean spot latitude, α is an
adjustable constant, and A(fP ) is a function of the plage
filling factor fP , given by A(fP ) = 0.25 sin(π
√
fP ) (the
scaling factor was not explicitly given in SBM; it scales
the maximum of A(fP ) = fP ). Following SBM, we take
fP = 0.08(τc/Prot)
1.8 < 0.65 (Saar (1996); where τc is
the convective turnover time from (Noyes et al. 1984)),
〈θ〉 = 45◦, α ≈ 9, and estimate vmac from relations for
active stars in Saar & Osten (1997).
Unfortunately, only five stars had the required data
(v sin i, Prot, and photometry sufficient to estimate fS)
to make a complete model estimate of σ′v. If we assume
fS ≈ 0 for F stars (Hyades F stars show little photometric
variability – Radick et al. (1998)) used them as constant
check stars), and estimate their Prot from R
′
HK (vis. Noyes
et al. (1984)) we gain two more stars. Several more have
upper limits to v sin i. As shown in Figure 5 (lower right)
and Table 2, the agreement between σ′v and σ
′(mod)
v for the
(few!) stars we can model adequately is quite good: σrms
is ≈6 to 7 m s−1 or ≈ 0.13 dex (comparable to SBM).
All cases where only upper limits on σ′v(mod) are possible
(due to v sin i upper limits) are in agreement as well.
3.3. R′HK vs. vrad
We have calculated the linear correlation coefficient (r)
in the standard way (Bevington & Robinson 1992) to
search for any statistical correlations between the chro-
mospheric activity and the radial velocity for each star.
The values of r (which range from -1 to 1) calculated are
shown in column 6 of Table 3. We then use this quantity
to test statistically (both in a frequentist and a Bayesian
manner) whether any linear correlations exist between the
vrad and R
′
HK.
We first follow the frequentist approach given in Bev-
ington & Robinson (1992) to determine a probability that
the vrad and R
′
HK are correlated. The correlation coeffi-
cient is used to find a probability Pc that the data come
from an uncorrelated parent population (Pc=1 indicates
that the data are completely uncorrelated, while Pc=0 in-
dicates be a completely correlated data set). The results
from this test are in column 8 of Table 3. In using this
method, we find several stars with high probabilities that
the data come from a correlated parent sample. However,
this method introduces a bias, since Pc is calculated by
5only considering r relative to an uncorrelated parent sam-
ple. What is perhaps a better test is to compare the data
to both correlated and uncorrelated parent samples. This
way, we can test both hypotheses and make a better de-
termination of possible correlation in the parent sample.
To do this, we use a Bayesian approach.
Our Bayesian analysis uses an odds ratio (K) defined
by Jeffreys (1961). This incorporates prior knowledge of
a probability distribution of r of the parent sample. Here,
we choose a prior distribution to be constant and centered
on (0,0). We calculate a ratio of the probability that vrad
and R′HK are uncorrelated versus the probability that they
are correlated (i.e., K ≪1 indicates a strong correlation,
K ≫1 the lack of one). For example, for K = 2, there
are 2:1 odds that the sample is uncorrelated (i.e., a 67%
chance that the sample is uncorrelated). Column 9 of Ta-
ble 3 gives the odds ratios. However, Schmitt (1969) notes
that the strength of correlations worked out in this man-
ner is somewhat overestimated: correlation probabilities
<75% are highly suspicious. In contrast to the frequen-
tist correlation analysis, with the Bayesian techniques, we
show that 15 stars have greater than 50% chance of being
correlated. Of these, 5 show a strong chance of correlation-
greater than 70%. Due to the small number of observa-
tions, Bayesian statistics will yield more reliable results, so
these values are the ones the authors favor. Of the remain-
ing stars, 40 show slight non-correlation between vrad and
R′HK and 11 show slight correlation. So, the overwhelming
majority of stars are slightly to strongly uncorrelated. Fig-
ures 6 and 7 show examples of stars with uncorrelated and
correlated trends, respectively, from the previous analysis.
4. discussion
Our fundamental result is that very few Hyads (5 of 82)
show significant correlations between simultaneous vrad
and R′HK measurements. It is therefore important to re-
view how stellar activity can alter observed radial veloci-
ties, and what our result then implies for planet detection
in the Hyades. In the Sun, Ca ii emission primarily reflects
the surface coverage of plage and active network, since it
is relatively weak over sunspots themselves (e.g. Linsky
& Avrett (1970) and references therein), and spot area
is typically small relative to plage area. Thus, vrad fluc-
tuations due to spots (e.g., Saar & Donahue (1997)) will
not have corresponding ∆R′HK, and so spots should not
be a significant contributor to vrad – R
′
HK correlations.
Plage/network can generate vrad fluctuations in two main
ways. First, plage is slightly brighter in the continuum
(by a few %) than the quiet Sun. Assuming this is also
true for stars, rotation of inhomogeneous patches of plage
will cause traveling enhancements at the local intensity-
weighted rotational velocity, which will translate into ap-
parent vrad changes on Prot timescales. This effect is com-
pletely analogous to the one caused by spots. Since the
brightness enhancement of plage is tiny compared with
the ∼90% light deficit (in V ) due to sunspots, though, the
brightness effect of plage on vrad should be small, even
considering the typically larger plage area.
To explore the effects on vrad-activity correlations, con-
sider that an identical plage, observed at two rotation an-
gles ±φ (measured from disk center), will exhibit identi-
cal activity enhancements (i.e., ∆R′HK(φ) = ∆R
′
HK(−φ)),
but will show perturbations to vrad due to brightness of
opposite sign: ∆vrad(φ) = −∆vrad(−φ) = αvrot(φ) (where
α is some function of the plage brightness enhancement).
Thus, a given plage will show a scatter of ∆vrad due to
its brightness as it rotates across the disk. When averaged
over enough observations, intensity changes due to activity
(spots or plage) have no net vrad effect, since the pertur-
bations ∝ ±vrot(φ) will average to zero over the many ob-
served φ. Changing the mean level of activity will change
the average magnitude of the effect and its rms, but once
again, for sufficient φ coverage the net ∆vrad = 0.
In addition to its brightness perturbation, plage also in-
duces changes in the local velocity field, suppressing con-
vective velocities in strong magnetic fields. The altered
velocity field induces changes in the line shape (Livingston
1982) and leads to an overall convective blueshift in the
Sun (Cavallini et al. 1985). Furthermore, these changes
will vary from line to line based on their strength and
excitation, just as line bisectors do (e.g., Asplund et al.
(2000)). Thus, in the case of plage the vrad perturbation
may be written ∆vrad(φ) = vblue(φ) + vshape(φ), where
vblue(φ) is the overall convective shift of the line core, and
vshape(φ) is the apparent vrad change due to the altered
line profile shape. The latter arises because most methods
measure the vrad of individual exposures by comparison
to a single high S/N “template” spectrum (either an av-
erage spectrum or a single deep exposure). Fluctuations
in line shape relative to this “template” will inevitably
lead to an apparent shift in the line centroid, and hence
vrad. In contrast with brightness perturbations, the time
average of vblue(φ) + vshape(φ) will in general be non-zero,
since both, due to their intimate connection with convec-
tion are (unlike vrot) symmetric about φ = 0 in the time-
averaged sense. Clearly, strong correlations between vrad
and R′HK will result primarily from these long timescale
changes in average plage area (see also Saar & Fischer
(2000)). The present results say little about short term
(timescales . Prot) changes in vrad, or about the effects of
starspots.
The lack of many significant vrad – R
′
HK correlations in
the Hyades thus implies that longterm changes in plage ac-
tivity have little effect on vrad for our stars. This is not an
entirely surprising result. If we look at active stars in Bal-
iunas et al. (1995), relatively few show clear cycles in Ca
ii (see also Saar (2002)). Without a systematic long-term
activity variation, active stars are less likely to show strong
vrad – R
′
HK correlations. Typically, short term (rotational)
jitter in vrad, and perhaps flares in activity, are expected
to dominate active stars without strong cycles, swamping
potential vrad – R
′
HK correlations with rapid fluctuations
in one or both variables. Thus, the method suggested by
Saar & Fischer (2000) for correcting vrad timeseries for
some of the jitter induced by activity will not be effective
for most Hyads. Other methods, based for example on
variable line bisector changes (Saar et al. 2001; Saar et al.
2002; Queloz et al. 2001) may be useful in diagnosing (and
possibly correcting) for short term vrad jitter from spots
and plages.
Clearly, the changing 〈R′HK〉 with B−V implies that the
inverse Rossby number Ro−1 = τC/Prot (at least as de-
fined by Noyes et al. (1984)) is not constant with mass at
fixed age. This confirms and extends (to B−V > 1.0) the
6similar conclusion of Soderblom (1985). Consistent with
this, the age calibration of Donahue, Dobson & Baliunas
(1997), which estimates age t as a function of 〈R′HK〉 alone,
predicts 〈log t[yr]〉 = 8.89 ± 0.27 (in agreement with Per-
ryman et al. (1998)) but overestimates t for B− V < 0.60
and B − V > 1.30. The physical implications of a mass
dependent 〈R′HK〉 in the Hyades are less clear. Apparently,
either generation of magnetic flux, or the physics of chro-
mospheric heating, or both, vary with mass at fixed age.
There is some independent evidence for both of these ideas.
Saar (2001) finds a monotonic relation between magnetic
flux and Ro−1, which implies mass dependent magnetic
flux in the Hyades, given that Ro−1 is not constant. Sup-
porting the concept of mass-dependent changes in heating,
several researchers (e.g., Rutten et al. (1989)) have noted
that in comparison to hotter stars, M dwarfs show Balmer
emission dominating over HK emission, and chromospheric
emission in general reduced relative to coronal emission.
Taken as a whole, the σ′v values for the Hyades are in rea-
sonably good agreement with empirical results and models
in SBM. The main exceptions are that the Hyades data
suggest a more continuous change in the dependence of
the σ′v - 〈R′HK〉 relationship on spectral type (e.g., G and
K stars are better considered separately). Also, the SBM
fit for F stars, σ′v ∝ 〈R′HK〉1.7 may be too steep, as also
suggested by Santos et al. (2000b). The difference may
however be the result of the limitation of v sin i ≤ 15 m
s−1 in the present sample. Further analysis of the Lick and
Hyades data, with and without v sin i limits, is needed to
resolve this issue.
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Fig. 1.— The dependence of mean internal vrad error on the stellar projected rotational velocity, v sin i. The values of v sin i and their
sources are listed in Table 1. Vertical error bars indicate the standard deviation from the mean for all of our velocity measurements for a
given star.
8Fig. 2.— Ca II K emission core with numerical filter overlayed
9Fig. 3.— Comparison of our computed S index with published values from Duncan et al. (1984). The straight line is the linear fit discussed
in section 2.3. Error bars indicate the rms about the mean S value for each star.
10
Fig. 4.— R′
HK
vs. B-V. Filled circles=Our Hyades program stars. Open triangles= Members according to Perryman et al. (1998) but are
non-members due to high Hipparcos distances, photometry below the main-sequence and velocities which disagree with members according
to D. Latham (private communication). Open squares=Rutten (1987) Hyades data. Crosses=Rutten (1987) Pleiades data.
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Fig. 5.— Comparison between measured σ′v for our stars, and predicted σ
′
v based on empirical based on relations (see SBM) between σ
′
v
and Prot (top left), v sin i (top right) and R′HK (bottom left; separate fits for G and K stars used). Bottom right shows comparison between
σ′v(Hyades) and those predicted by the simple spot/plage model in SBM (smaller symbols have estimated Prot). In each case, F, G, and K
stars are given by ∗, +, and diamonds, respectively, and the solid line indicates the observed σ′v = σ
′(pred.)
v .
12
Fig. 6.— Examples of stars showing uncorrelated trends in logR′
HK
vs. radial velocity.
13
Fig. 7.— Examples of stars showing correlated trends in logR′
HK
vs. radial velocity.
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Table 1
Internal Errors versus Rotation for the Program Stars
HD Other Name v sin i 〈σi〉 Reference
[km s−1] [m s−1 ]
18632 BD+07 459 1.8±1.0 3.52±0.72 1
26756 vB 17 6.4±3.0 4.94±0.69 2
26736 vB 15 7.0±0.7 5.13±0.99 3
27282 vB 27 6.6±3.0 3.81±0.45 2
27406 vB 31 12.0±1.0 6.19±1.22 3
27859 vB 52 8.0± 0.7 5.76±0.80 3
20899 vB 64 5.0±0.7 3.81±0.46 3
28205 vB 65 9.0±3.0 7.02±0.77 4
28237 vB 66 8.0±3.0 6.80±0.90 4
28344 vB 73 7.0±0.7 6.80±1.39 3
References. — (1) Fekel (1997);We adopted an error of 1.0 km
s−1. (2) Strassmeier et al. (2000); We adopted errors of 3.0 km
s−1. (3) Soderblom (1982) (4) Kraft (1965); We adopted errors
of 3.0 km s−1.
Table 2
Comparison of Observed and Predicted/Modeled σ′v
Type of Spec. type N 〈σ′(pred.)
v
− σ′
v
〉 σrms σrms(Lick)
2
Fit/Model1 studied [dex] [dex] [dex]
R′HK(F) F 11 0.124 0.444 0.41
R′HK(F) F
3 10 0.210 0.376 0.41
R′HK(G) F
3 10 -0.107 0.213 ...
R′HK(G+K) F
3 10 -0.213 0.284 ...
R′HK(G+K) G 24 -0.045 0.216 ...
R′HK(G+K) K 34 0.117 0.348 ...
R′HK(G+K) K
3 33 0.146 0.320 ...
R′HK(G+K) G+K 58 0.050 0.298 0.25
R′HK(G+K) G+K
3 57 0.065 0.278 0.25
R′HK(G) G 24 0.073 0.224 ...
R′HK(K) K 34 -0.040 0.329 ...
R′HK(K) K
3 33 -0.011 0.284 ...
v sin i(F) F 3 0.125 0.263 0.31
v sin i(G+K) G4 7 -0.016 0.265 0.22
Prot(F) F 1 -0.008 ... 0.35
Prot(G+K) G+K 14 0.021 0.176 0.22
model F+G4 5 0.001 0.121 0.14
model5 F+G4 7 0.013 0.130 0.16
1e.g., R′HK(G+K) indicates that the σ
′(pred.) based on the empirical fit for G
and K stars of σ′v(Lick) vs. R
′
HK (from SBM) is compared to Hyades stars of
the spectral type listed in column (2). Note: separate G star (∝ R′HK
1.15) and
K star (∝ R′HK
1.19) fits for R′HK based on Lick data were not listed in SBM.
2from SBM
3with one outlier removed
4No Hyad K dwarfs in our sample have published v sin i measurements
5Assuming fS = 0 for F stars
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Table 3
Program Information
HD or HIP # Other Name # obs. B-V 〈R′HK〉 σ<R′
HK
>
r Pc(R
′
HK, r) K(r
2)
HD 14127 BD+04 378 12 0.567 2.84 0.38 0.55 0.07 0.66
HIP 13600 BD+17 455 10 0.704 1.85 0.31 -0.08 0.83 2.41
HIP 13806 vB 153 18 0.855 4.18 0.49 0.09 0.73 3.16
HD 18632 BD+07 459 9 0.926 4.00 0.52 0.00 1.00 2.33
HD 19902 BD+32 582 10 0.732 2.67 0.40 0.07 0.85 2.43
HD 20430 vB 1 13 0.567 2.07 0.37 0.62 0.02 0.25
HD 20439 vB 2 13 0.617 2.88 0.31 0.30 0.33 1.79
HIP 15563 BD+07 499 9 1.130 3.89 0.38 -0.60 0.09 0.62
HIP 15720 · · · 8 1.431 2.40 0.18 0.10 0.82 2.14
HIP 16529 vB 4 9 0.844 4.25 0.36 0.13 0.73 2.21
HIP 16908 vB 5 10 0.917 4.04 0.38 0.32 0.36 1.77
HD 23453 BD+25 613 8 1.437 2.43 0.22 -0.27 0.51 1.87
HIP 17766 G7-15 7 1.340 2.69 0.29 0.02 0.96 2.03
HIP 18018 vB 170 11 1.160 3.06 0.36 0.30 0.38 1.79
HD 286363 BD+12 524 7 1.070 3.85 0.45 0.06 0.90 2.02
HD 25825 vB 7 8 0.895 4.33 0.36 0.19 0.65 2.03
HIP 18946 BD+19 650 7 1.095 3.33 0.47 0.23 0.62 1.82
HIP 19082 L 12 7 1.347 2.80 0.29 0.61 0.15 0.81
HD 285367 BD+17 679 8 0.890 4.02 0.24 0.29 0.48 1.82
HD 25825 vB 10 8 0.593 3.41 0.47 0.20 0.63 2.01
HD 285507 J 231 8 1.180 3.58 0.35 0.41 0.31 1.50
HIP 19261B vB 12 8 0.740 5.20 0.59 -0.01 0.98 2.18
HD 285482 BD+16 558 7 1.005 3.71 0.29 -0.30 0.52 1.69
HD 286554 J 233 7 1.327 3.04 0.24 0.11 0.82 1.99
HD 26257 BD-00 648 9 0.553 0.69 0.20 -0.51 0.16 0.95
HIP 19441 BD+08 642 6 1.192 3.15 0.29 0.33 0.52 1.67
HD 26756 vB 17 21 0.693 3.83 0.57 0.14 0.53 2.99
HD 26767 vB 18 15 0.640 3.62 0.47 -0.15 0.60 2.67
HD 26736 vB 15 17 0.657 3.81 0.68 -0.06 0.82 3.16
HD 26784 vB 19 11 0.514 2.90 0.42 -0.12 0.73 2.45
HD 286589 vA 68 7 1.204 3.18 0.44 0.09 0.85 2.00
HD 285625 vA 72 8 1.363 3.06 0.21 0.86 0.01 0.16
HD 285590 vA 75 7 1.290 2.74 0.16 0.17 0.71 1.92
· · · vA 115 6 1.470 2.61 0.31 0.73 0.10 0.87
HD 285690 vB 25 7 0.980 3.21 0.23 0.39 0.39 1.48
· · · vA 146 6 1.420 3.01 0.34 0.56 0.24 1.27
HD 27250 vB 26 8 0.745 3.58 0.35 -0.07 0.87 2.16
HD 27282 vB 27 9 0.721 3.45 0.64 0.53 0.14 0.86
HD 27406 vB 31 8 0.560 3.51 0.79 0.31 0.46 1.79
HD 27732 vB 42 8 0.758 3.43 0.23 0.33 0.42 1.73
HIP 20485 vB 173 6 1.231 3.36 0.20 -0.07 0.89 1.86
HD 27771 vB 46 8 0.855 4.05 0.33 -0.24 0.56 1.94
HD 27835 vB 49 8 0.590 3.01 0.62 -0.20 0.63 2.01
HD 27808 vB 48 8 0.518 3.13 0.38 0.28 0.50 1.85
HIP 20485 vB 174 7 1.050 3.96 0.50 0.08 0.86 2.01
HD 27859 vB 52 9 0.599 3.36 0.50 0.14 0.73 2.20
· · · vA 354 7 1.310 2.93 0.40 0.41 0.35 1.39
· · · vA 383 6 1.450 2.49 0.20 0.03 0.95 1.87
HD 20899 vB 64 9 0.664 3.41 0.39 0.14 0.72 2.19
HD 28205 vB 65 8 0.537 2.61 0.44 0.10 0.82 2.15
HD 28237 vB 66 8 0.560 3.47 0.63 0.26 0.53 1.89
HD 285830 vB 179 8 0.929 3.85 0.32 0.35 0.40 1.69
HD 28258 vB 178 9 0.839 3.72 0.36 -0.48 0.19 1.07
HD 28344 vB 73 10 0.609 3.15 0.60 0.21 0.56 2.15
· · · vA 502 6 1.410 2.70 0.15 -0.47 0.35 1.47
HD 283704 vB 76 10 0.766 3.40 0.40 -0.12 0.73 2.35
HD 285773 vB 79 9 0.831 3.64 0.49 0.66 0.06 0.43
HD 28462 vB 180 7 0.865 3.90 0.63 -0.39 0.39 1.46
HD 28593 vB 87 9 0.734 3.32 0.68 0.11 0.77 2.24
HD 28635 vB 88 10 0.540 2.73 0.57 0.69 0.03 0.34
· · · vA 637 6 1.480 2.75 0.18 -0.52 0.29 1.36
HD 28805 vB 92 7 0.740 3.59 0.29 0.09 0.84 2.00
HD 284552 L 66 6 1.237 2.82 0.41 0.55 0.26 1.31
HD 28878 vB 93 8 0.890 3.95 0.56 -0.39 0.34 1.56
HD 285837 L 65 6 1.197 3.43 0.51 0.77 0.07 0.77
HD 28977 vB 183 7 0.920 4.16 0.61 0.06 0.90 2.02
HD 28892 vB 97 8 0.631 3.55 0.49 -0.29 0.49 1.84
HD 29159 vB 99 8 0.870 4.14 0.46 -0.80 0.02 0.29
HD 29419 vB 105 8 0.576 3.02 0.78 -0.24 0.56 1.93
HD 286929 J 311 6 1.073 3.67 0.35 0.71 0.12 0.93
HD 284574 vB 109 7 0.811 3.88 0.71 -0.21 0.65 1.86
HIP 22177 J 326 6 1.277 2.91 0.09 0.70 0.12 0.95
HD 284653 J 330 6 1.112 3.96 0.23 -0.45 0.38 1.50
HD 30505 vB 116 9 0.833 4.67 0.88 -0.39 0.30 1.42
HD 30589 vB 118 10 0.578 1.52 0.28 -0.24 0.50 2.04
HD 30809 vB 143 7 0.527 2.64 0.50 -0.29 0.54 1.72
HD 31609 vB 127 7 0.737 3.51 0.50 -0.10 0.84 1.99
· · · BD+04 810 6 0.957 3.61 0.23 -0.43 0.39 1.52
HD 32347 vB 187 7 0.765 3.64 0.57 -0.12 0.80 1.98
HD 240648 BD+17 841 7 0.730 3.69 0.24 0.25 0.59 1.79
HD 242780 BD+11 772 6 0.765 3.63 0.23 0.81 0.05 0.63
HD 35768 BD+32 955 6 0.556 0.42 0.17 0.16 0.76 1.82
